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Since the rise of two-dimensional (2D) nanomaterials such as transition metal 
dichalcogenides (TMDCs) and graphene derivatives, numerous applications studies have been 
carried out prompted by the remarkable material properties they have. A variety of investigations 
have established unique potential of 2D material-based biosensors and bioelectronics using field 
effect transistors (FETs). Owing to the versatile usage in various biosensing applications with high 
reproducibility and sensitivity, further investigation on methods that contribute to enhancement of 
2D material-based device performance will be critical.  
To show versatility of a graphene FET device with cellular interfaces, I carried out in vitro 
study of a non-spontaneous cell-type, skeletal muscle cell (C2C12) using a multi-array graphene 
FET. In this investigation, I demonstrated simultaneous stimulation and rapid electrical sensing of 
C2C12 myotubes. Furthermore, assembly and integration of graphene FET with printed circuit 
board (PCB) and simultaneous imaging capability are explored, to provide an advanced platform 
for cell/tissue research.  
Furthermore, to enhance performance of graphene FET for biosensing applications, I 
present a novel methodology to detect biomolecules using crumpled graphene-based FET. 
Crumpling approach is compatible with low cost, low power, and scalable fabrication processes 
and has enhanced sensitivity conferred by its outstanding features such as large surface area to 
volume ratio, high carrier mobility, and mechanical properties. Here, I introduced a 3D 
architecturing technique that creates nanoscale crumpling of graphene to reinforce the sensitivity 
of graphene FET as a biosensor. Reduced Debye screening effect due to the crumpled graphene 
structures allowed significant improvement of the detection level of graphene to biomolecules. In 
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this investigation, I realized ultrasensitive, label free detection of DNA with 100,000 times 
improvement of ultimate limit of detection (LOD) compared to a flat graphene device.  
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CHAPTER 1: INTRODUCTION 
1.1 Two-Dimensional Materials for Biosensing Applications 
The discovery of two-dimensional (2D) materials has drawn a great interest of researchers 
due to their superb electrical and mechanical properties that allow exploration into unrealized 
fields of science. In addition to their unique electrical and mechanical properties, their 
exceptionally high surface to volume ratio owing to atomic thinness also promised great potential 
to enhance performance in fields of electronics, photovoltaics, and biosensing 1–8. Among those 
applications, biosensing applications have captivated interests of scientists, as 2D material based 
devices allow in vitro experimentation of biomolecules that could improve diagnostics processes, 
thus promote quality of health 9–23. In addition, 2D material based biosensors are capable of 
detecting low biomolecule concentrations or sensing cellular activities at subcellular level, offering 
the ultimate level of sensitivity24, compared to other conventional biosensing techniques, such as 
the patch clamp25 and multielectrode arrays (MEAs)26.  
Compared to conventional biosensing techniques, solution gated FET allows highly 
sensitive detection of biomolecules in a rapid and non-invasive way. Because the conductance 
level of sensing materials drastically change while charged molecules or electrical potentials are 
introduced, 2D material based FET is suitable for various biomolecule study such as nucleic acids, 
glucose, bacteria, protein, and cells 9,17–19,27–29. Moreover, recently explored 2D material based 
sensors are often integrated with carbon derivatives, silicon nanowires (SiNWs), nanoparticles 
(NPs) and transition metal dichalcogenides (TMDs), to enhance their performances as biosensing 
platforms30–35. These hybrid materials further improve label free detection of biomolecules, with 
increased functionalities and selectivity, as introduction of lower dimensional materials or 
nanoparticles significantly increase surface to volume ratio, allowing enhancement of the 
sensitivity of bioelectronic devices.  
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To enable cost effectiveness, low energy consumption, and scalable fabrication of 
biosensing electronics, chemically grown graphene has been studied as a perfect candidate without 
compromising sensitivity and resolution of the device. Compared to hybrid composite devices, 
graphene-based bioelectronics have great potential in scalability, stability, and reproducibility, 
which are often challenging using SiNWs and carbon nanotubes (CNTs). With its superlative 
carrier mobility, complementary field-effect sensing capability24, compatibility with biomolecules, 
and chemical stability, graphene based devices can provide a platform for advanced monitoring 
systems. 
Owing to these qualities, biosensing based on graphene solution gated FET has been widely 
utilized for glucose15, nucleic acids36, and cardiomyocyte24 action potential detection. However, 
limitations of the current graphene FET exists as numerous investigations have been focused on 
measuring cellular potential of spontaneous cells such as HL-137,38 and cardiomyocyte19,24,39–41. 
Nevertheless, non-spontaneous cell investigation such as skeletal muscle cells is crucial, as 
potential applications for in vitro artificial skeletal muscle span throughout many areas, from 
physiological and pharmacological studies, to disease models and diagnostics42,43. In this regard, 
non-spontaneous cells such as skeletal muscle cells have been under explored, due to challenges 
of simultaneously applying stimulation and measuring electrical signals from cellular activities.  
To address the difficulties with studying cellular activities of non-spontaneous cells, non-
destructive methodology is utilized for simultaneous, real-time electrical recording of non-
spontaneous cellular activity, which increases reliability and imaging capability, owing to multi-
array device structure on a transparent substrate. For this non-destructive method, optogenetics is 
implemented. By encoding non-spontaneous cells with channelrhodopsin-2 (ChR2), these cells 
express ion channels that are sensitive to light, which enable cells to receive actuation potentials44–
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46. Consequently, electrical sensing of optogenetically encoded cells can be accomplished using 
graphene FET sensors under light illumination, allowing more advanced cellular activity 
investigation that can greatly contribute to the evolution of biochemical sensors. In addition to 
optical investigation, a graphene channel from the multi-array graphene FET is utilized for 
applying voltage stimulation through a single stimulation channel, so that the non-spontaneous 
cells will actuate upon an extracellular voltage input. Multiple array design of the graphene FET 
is used in this investigation to allow mapping of electrical stimulation propagation with respect to 
the distance between a sensing and the stimulating channel, and placement of the cells. This 
advanced bio-platform using the multi-array graphene FET promises a unique potential for 
biochemical and drug diagnostics of non-spontaneous cells.   
To further advance graphene FET’s application in biosensing, we incorporate 3D 
architecturing technique by creating a crumpled shaped graphene using a thermally activated shape 
memory polymer substrate47. Introducing nanoscale out-of-plane architecturing of 2D materials 
has an extensive advantage over 2D material-based devices as it gives rise to new functionalities 
despite the simplistic fabrication procedure. To demonstrate application of this device, label free 
detection of DNA is carried out, along with investigation of the relationships between the structure 
and capacitance of the electrical double layer (EDL) of graphene, which strongly controls the 
transconductance of the solution gated graphene FET device48. 
Ultimately, in this thesis, simultaneous skeletal muscle cell electrical potential 
measurements and application of the solution gated crumpled graphene FET sensors for 
ultrasensitive DNA detection are demonstrated. These investigations substantiate various 
functionalities of graphene FETs and explore unique opportunities that solution gated graphene 
FET can provide for future diagnostic devices.  
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1.2 Overview of the Thesis 
First, Chapter 2 elaborates on the in depth study of light and electrical stimulation of 
skeletal muscle cells to demonstrate actuation of non-optical cells via external light source after 
optogenetically encoding cells with channelrhodopsin-2 (ChR2), and to investigate how C2C12 
myotubes respond to the electrical stimulation by identifying the trend of signal propagation within 
each cell. Simultaneous electrical sensing is performed under each type of stimulation, with 
varying light/voltage frequency and pulse widths to verify the recorded signals corresponding to 
the external stimulation. In this chapter, development of multi-array graphene FET on quartz is 
also described, to facilitate the ease of imaging cells and simultaneous imaging of cell actuation 
under both opto-stimulation and electrical-stimulation.  
Chapter 3 discusses development of crumpled graphene FET via substrate engineering, and 
performance of the crumpled graphene FETs for label-free detection of DNA with an 
unprecedented limit of detection. In this study, a 20 aM limit of detection is achieved, which is a 
100,000 times enhancement in DNA sensing capability compared to non-crumpled device. 
Compared to the flat graphene, the morphology modification of the crumpled device aided sensing 
of DNA strand, which is supported by the reduced electrical double layer capacitance that 
weakened the Debye screening effect. With an increased Debye length, more DNA can fall under 







CHAPTER 2: STIMULATION AND RECORDING OF MYOTUBES BASED ON 
TRANSPARENT GRAPHENE FIELD EFFECT TRANSISTORS  
2.1 Motivation: Simultaneous Sensing of Nonspontaneous Cells 
 Field effect transistors (FETs) have been utilized over many other transistor applications 
due to their high off-state resistance, low noise, low power, easy integration, and efficiency19,49. 
Many of the previously discussed 2D materials also have been developed in a form of FET, owing 
to these advantages. Among a number of 2D materials that have attracted scientists’ interest, such 
as silicon nanowires (SiNWs), carbon nanotubes (CNT), and reduced graphene oxide (rGO), CVD 
grown large area graphene has brought attention of many investigators for its’ facile 
functionalization with receptors to detect target chemicals or biomolecules. Furthermore, the large 
area synthesis of CVD grown graphene increased ease of device fabrication and integration with 
other systems50,51. Owing to graphene’s superior charge carrier mobility around 3,700 cm2 V-1 S-1 
and it’s unique complementary field-effect sensing capability at both n-type and p-type, graphene 
has been facilitated as field effect transistor for variety of applications7. Among those applications, 
graphene’s biocompatibility and chemical inertness prompted its usage as numerous biosensing 
platforms, which allowed its implementation on multiple biomedical studies such as drug/gene 
delivery, and cell/tissue interface50. On top of its complementary field effect sensing capability, 
FET device has extreme sensitivity to changes in the gate potential, demonstrating more tunable 
capability than microelectrode arrays26 (MEAs), which suffer from poor spatial resolution due to 
large electrode impedance52. 
 Previous studies investigated 2D material-based FET for detection of various biomolecules 
including DNA53–55, proteins27,28, and cells19,39,46,56 while achieving high sensitivity, fast response 
time, and good selectivity. Majority of these studies predicted the level of biomolecules introduced 
to the system by measuring change in the conductance level of a graphene channel. When those 
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biotargets modify the charge carrier density of an underlying sensing channel28,57, the induced 
conductance level will be shown during the electrical measurements. However, for detection of 
cells, most studies have been based on spontaneously beating cells such as HL-1 cells37,38 and 
cardiomyocytes19,24,38,40,41. Only recently, the interaction between the graphene surface and a 
nonspontaneous cell interface have been investigated46,58, which progressed the availability of 
graphene-based FET for nonspontaneous cells study.  
To achieve nondestructive stimulation and corresponding sensing of these cells, 
optogenetics was implemented. By encoding cells to express light-sensitive ion channels, 
nonspontaneous cells acquired stimulation that they are required to actuate when the specific 
wavelength of light is applied44–46. Consequently, electrical sensing of optogenetically encoded 
cells can be accomplished using graphene FETs under light illumination, allowing analysis on 
cells’ optogenetic data, such as cell density, expression levels of opsin, and electrophysiological 
state. Here, an optogenetically encoded skeletal muscle cell (C2C12) was utilized for simultaneous 
optical stimulation and electrical sensing of the nonspontaneous cells. For this purpose, C2C12 
cells were transfected with channelrhodopsin-2 (ChR2), which will modify ion channels of the cell 
to respond to optical stimulation.  
 In addition to optical stimulation of nonspontaneous cells, electrical stimulation of these 
cells through a graphene channel was carried out to provide an alternative sensing/stimulation 
mechanism for non-optically engineered cells. By locally stimulating the graphene channel with 
external voltage source and simultaneously sensing adjacent channels, cellular activity of 
nonspontaneous cells was investigated without modifying property of the cell. Multiple array 
design of the graphene FET used in this investigation allows mapping of electrical stimulation 
propagation with respect to the distance between sensing and stimulating channels and the 
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placement of cells. In this study, a skeletal muscle cell was once again used. With our graphene 
FET sensor as advanced biosensing platform, we could even further explore chemical/drug 
reaction of various cell type including generic mammalian phenotypes, not just gap junction 
protein, offering a new opportunity for diagnostic devices.  
Owing to the transparent quartz substrate used for the sensor fabrication, we have 
demonstrated simultaneous electrical recording, stimulation, and imaging capabilities of the 
cultured cell on the graphene FET device, which was unable to be executed with conventional FET 
biosensors. By designing a printed circuit board (PCB) and integrating the fabricated sensor onto 
the board via wire bonding, facile connection between the sensor and data acquisition equipment 
was accomplished. This integration also allows electrical stimulation input to be easily 
incorporated to the local graphene channel. We have demonstrated simultaneous stimulation, 
electrical recording, and imaging of both optically and electrically stimulated skeletal muscle cells 
on graphene FETs.   
2.2 Preparation of Graphene Field Effect Transistor Devices for Electrical Recordings 
To fabricate multiarray graphene FET, monolayer graphene was produced via chemical 
vapor deposition (CVD) method. A copper foil was used as a substrate after thorough pre-cleaning 
using acetic acid, deionized water, acetone, and isopropanol. After the copper foil was placed 
inside of a vacuumed furnace, hydrogen and methane are introduced at an elevated temperature of 
1050C. This way, large area graphene could be fabricated at a relatively low cost and high 
mobility. The quality of the graphene was confirmed by Raman spectroscopy, which showed low 
D peak and 1:2 ratio of G and 2D peak. To transfer monolayer graphene onto a target substrate, 
polymethyl 2-methylpropenoate (PMMA) was spin-coated on top of the graphene/copper foil layer 
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as a handle layer. This allowed graphene to be transferred via conventional wet transfer method 
after etching copper foil. 
Using this monolayer graphene grown via CVD method, graphene FET was fabricated by 
conventional photolithography. Since the device fabrication involved multiple layer patterning, 
alignment marks were first patterned on a quartz substrate to allow subsequent graphene channels, 
source and drain electrodes, and passivation layers to align properly. After patterning the first 
alignment marks via photolithography, e-beam evaporation was used to deposit Cr/Au (3 nm/ 50 
nm) to make alignment marks visible. On top of the alignment marks, synthesized monolayer 
graphene was transferred on top, with PMMA handle layer on top of graphene to enable a wet 
transfer method.  
After transferring the graphene, it was dried at room temperature for overnight to ensure 
good adhesion between graphene and the substrate. After removal of PMMA by immersing in 
acetone for 5 minutes, graphene FET sample was annealed at 500 C for 3 hours. Then, the sample 
was spin-coated with photoresist, and graphene pattern was developed using same 
photolithography recipe. After developing the pattern, oxygen (O2) plasma was used to etch 
undesired graphene area (500 W, 10 seconds) and photoresist residue was removed using 
Microposit 1165 (80 C for 3 hours). The dimension of the graphene channel was 30 m x 600 
m. On top of the graphene pattern, source and drain electrodes were aligned carefully using first 
patterned alignment marks, and photolithography, e-beam evaporation was used to create Cr/Au 
(3 nm/50 nm) electrodes. Finally, chemically stable SU8 (~2 m) photoresist was patterned on top 
of the sample to protect the electrodes from the top gate solution thus preventing current leakage, 
and to open fixed amount of graphene channels for cell growth. The dimension of the opening area 
was 680 m x 200 m to promote adhesion between the cell interface and the graphene channels. 
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Since the orientation of the myotubes could not be controlled precisely, passivation was required 
to have a larger opening window to have full myotubes span over the graphene channels (mean 
length of myotubes: 130 – 520 m).  
After the passivation step, sensor chip was mounted on designed PCB and a hydrophobic 
sheet was attached to the sensor to prevent cell media leakage to electrodes. Then graphene FET 
was wire-bonded to a PCB to facilitate ease measurement as a probe station was not required when 
FET was wired out to PCB. The simple process flow of fabrication is demonstrated in Fig. 2.1, 
including photolithography, etching, and deposition process.  
 
 
Figure 2.1. Fabrication process of multi-array graphene FET for cell investigation.  
 
After the wire bonding, a 3 g cm-1 of fibronectin layer was coated around the graphene 
channel section to promote stable cell adhesion to the graphene channel surface. Next, a cell culture 
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well was attached using Sylgard 184, where growth media (GM) was initially filled. The growth 
media is Dulbecco’s modified Eagle’s Medium (DMEM) containing 10 % of Fetal Bovine Serum, 
1 % of L-glutamine, and 1 % of penicillin and streptomycin. Cells (optogenetically encoded 
skeletal myoblast C2C12, and non-opto-encoded skeletal myoblast C2C12) were seeded on 
fibronectin coated sensor with 30k cm2 and proliferated in GM with 5% CO2 at 37 C until the 
confluent level for myoblasts reach to 80-90 %. Then, the differential media (DMEM with 10 % 
of horse serum, 1% of penicillin-streptomycin, and 1% of L-glutamine) was introduced (replaced 
every other days), which initiates cell differentiation in the incubator. 
To increase reliability and spatial resolution for the cell experiments, the FET chip was 
designed to have multiple sensing arrays across the device. As shown in Fig. 2.2, the sensor was 
composed of four sensing arrays (A1-A4), and each array includes 9 graphene channels, in which 
5 channels had a common drain and D1, 2, 8, 9 had an independent drain for electrical stimulation 
purpose. Depending on the yield of sensing channel, either D1,2,8,9 could be used for the electrical 
stimulation as they had an independent source and drain, while the rest of the sensing channels had 







Figure 2.2. Photolithography mask design to show the design of graphene FET used for both 
optical and electrical stimulation experiment.  Each device includes 4 arrays of graphene FET, 
including 9 channels for each array. Graphene channels (gray) and source drain electrodes 
(yellow) are aligned together as shown. 
  
For characterization of the device, we first observed charge transport characteristic of 
fabricated graphene FET, with DMEM as the gate solution. With 30 mV as source-drain bias, we 
successfully obtained a sharp transfer curve with a Dirac point (i.e., charge neutrality point) around 
0.18 V, which was due to slight a doping effect from the underlying substrate. Since the Dirac 
point was below 0.4V, and close to 0V, we concluded that our devices will acquire stable electrical 
sensing measurement with minimal current leakage at both n and p type regions, which was 
confirmed further throughout the experiments. Fig. 2.3 (a) shows schematic of our graphene FET 
design, as well as demonstration of optical and electrical stimulation of differentiated myotubes 
on graphene FET (i-ii). Image of completed integration is shown in Fig. 2.3 (b) with glass tube 
reservoir attached to the device using PDMS. Optical microscope image of a single array is also 
shown in Fig. 2.3 (c) with independent drain electrode for electrical stimulation purpose, and 
passivation area to only allow section of graphene channels to be open to a cell and gating solution. 








Electrical characterization of fabricated graphene FET is shown in Fig. 2.3 (d). Optical, 
fluorescence, and scanning electron microscope (SEM) images were taken and shown in Fig. 2.4 
to demonstrate densely grown myotubes on graphene FET.  
 
Figure 2.3. (a) Schematic illustration of transparent FET, including quartz substrate, source 
drain electrode, SU8 passivation, and graphene multichannel. Optogenetically modified 








Figure 2.4. Images of C2C12 myotubes on graphene FET after 11 days of differentiation. (a) 
optical, (b) fluorescence (green: myosin, blue: dapi), and (c) SEM images show densely 
differentiated C2C12 myotubes. 
 
light (i), and with ekectrical stimulation (ii). (b) Transparent graphene FET device for the 
experiment with a cylindrical glass well attached for cell culture. Device is wire-bonded to 
PCB board and pin headers are soldered onto PCB. (c) Close up optical image of single array 
from the graphene FET, with multiple sources, drains, and a gate opening. (d) Charge 
transport characteristic of the transparent graphene FET with VSD = 30 mV, and using DMEM 





 To confirm a local contraction of myotubes while electrical stimulation was applied on a 
single graphene channel, simultaneous fluorescence imaging was carried out for electrical 
stimulation investigation. For staining, a calcium indicator, 50 g of Fluo-4 AM (Thermofisher,) 
was added in 4.56 l of dimethyl sulfoxide (DMSO). Then, a 2 l of solution was added with a 2 
l of 20 % of pluronic F127 in DMSO. The solution was mixed with 100 l of Hank’s Balanced 
Salt Solution (HBSS), additionally 1.9 ml of HBSS was added. After washing myotubes on a 
device with HBSS twice, the mixed solution was added and incubated for 20 – 60 minutes in cell 
incubator. The filter for fluorescein isothiocyanate was used for the fluorescence imaging.   
2.3 Stimulation of Optogenetically Encoded Cells vs. Non-encoded Cells and the Electrical 
Sensing Results 
 For optical stimulation and simultaneous electrical sensing, we used a blue light-emitting 
diode (wavelength: 470 nm, intensity: ~1 mW/cm2) with varying light stimulation frequencies and 
pulse-widths. For the stimulation frequencies, we used 0.5 Hz, 1 Hz, and 2 Hz, and 4 Hz, and 5 
ms, 50 ms, and 500 ms for pulse widths, respectively. This allowed us to verify if the measured 
peak signals are from the optically stimulated cells, as we were able to align the signal peaks to 
the light stimulation. With gate electrode as Ag/AgCl and DMEM as gate solution, we applied 
either n-type or p-type gate voltage for the complementary sensing. Source-drain bias of 30 mV 
was applied throughout the measurement using a source meter (Keithley 2614B), with rapid 
recording time reaching ~0.8 ms temporal resolution. An image of the experiment set up was 
portrayed in Fig. 2.5, where quartz graphene FET is wire bonded to a PCB and electrical 




Figure 2.5. Experiment apparatus including blue light for optical stimulation and transparent 
graphene FET connected to PCB to facilitate simultaneous stimulation, sensing, and imaging.  
 
Fig. 2.6 shows the electrical measurement results of the optogenetically encoded cells 
while being stimulated by blue light, after 7 days of differentiation. As shown in these plots, the 
responses of optogenetically encoded cells corresponds to optical stimulation, as peak signals 
multiply as stimulation frequency increases. The width of the response signal also corresponds 
with the pulse width of light stimulation, where the response of optically encoded myotubes took 
about 3 ms to open and close its ion channels. Complementary sensing of both p-type and n-type 
of graphene FET confirmed as well with the converted biphasic current signals observed for 
opposite type measurement. For complementary sensing, each gate bias was selected to be at the 
maximum transconductance level, which is the steepest slope region near the Dirac point. Current 





Figure 2.6. (a-c) Optically stimulated response of optogenetically encoded C2C12 with light 
stimulation at various stimulation frequencies (from 0.5 Hz to 4Hz) with complementary sensing 
capability. (d-f) Biphasic current peaks that indicate opening and closing of ion channels within 
the C2C12 myotubes. (g-h) Comparison of electrical sensing result for different myotubes 
growth level. (i) Control experiment with non-optogenetically encoded cells to check its activity 





The relation between the cell density and the signal amplitude was also investigated, and 
current signal measurement after 7 days of differentiation showed significantly greater peaks 
compared to cells that had been differentiated for only 2 days. From this, we could confirm that 
current signals were from the optically encoded cells, and not the photo-response of the graphene 
FET. To validate this statement even further, we performed electrical sensing of non-ChR2 
transfected C2C12 (after 10 days of differentiation), where we identified no current signal peak 
resembling that of optogenetically encoded cells. Finally, a control experiment without any cells 
on graphene FET was carried out, and the sensing result is shown in Fig. 2.7. This result showed 
no distinct current peak that corresponds to the optical stimulation frequency and the pulse-width. 
In conclusion, optical stimulation of optogenetically encoded C2C12 and its real-time recording 
capability with transparent graphene FET have been established, with a full control of cellular 
activity with frequency and pulse-width modulation.   
 
Figure 2.7. Control experiment without any C2C12 on the device showing no response current 




2.4 Stimulation of Cells and Simultaneous Sensing of Entire Device Array for Detecting 
Signal Propagation in Cells 
 While optogenetically modified C2C12 under the light illumination has demonstrated a 
novel method to investigate cellular activity of non-spontaneous cells in a non-invasive way, the 
simultaneous calcium imaging became challenging as light stimulation interferes with 
fluorescence intensity displayed in the image. Therefore, another approach to actuate a non-
spontaneous cell with simultaneous imaging capability needs to be pursued. Here, we present an 
alternative stimulation mechanism with non-spontaneous cells, by applying voltage locally at the 
graphene channel thus directly stimulating C2C12 myotubes to grow on a chosen graphene channel. 
This electrical stimulation method allows monitoring of non-spontaneous cell’s activity, without 
having to transform cells or directly clamp tissue with recording pipette (patch-clamp method)25, 







Figure 2.8. (cont.) Electrical Stimulation of graphene FET after 12 days of C2C12 myotubes 
differentiation and corresponding electrical measurements are illustrated. (a) Optical image of 
myotubes on graphene channels. Current measurement of S1 – S7 was carried out while 
stimulating S8 (red). The orange ellipticals represent the C2C12 myotubes extending from S8. 
Scale bar: 100 m. Electrical measurements from (b - h) corresponds to measurement of sources 
S1 – S7, respectively, while 1 Hz of 20 V stimulation was applied to S8. (i) Recording of S7, 
while stimulation frequency doubled to 2 Hz. Closer view of current signals from S2 listed in (j), 
which indicates no significant biphasic current peak due to absence of myotube extended from 
stimulation channel S8 to S2. (k) Detail current peak analysis of electrical stimulation sensing 
result from S3, where smaller peak appears when electrical stimulation is turned off. This 
indicate that myotube response to on/off action of electrical stimulation. 
 
For electrical stimulation and simultaneous electrical sensing of graphene FET, we applied 
local electrical stimulation of 20 V to one of the stimulation channels (1st, 2nd, 8th, and 9th 
graphene channel) depending on the orientation of the myotubes. For example, if a myotube is 
differentiated across the 2nd graphene channel to 7th channel, the 2nd channel will be stimulated, 
and current signals will be measured for the rest of channels. If the signal propagation occurs only 
within the myotube, cellular activity of the nearby myotubes will not occur and corresponding 
current signals will not be displayed. Each single array of our graphene FETs provides mapping 
capability of electrical stimulation propagation between myotubes.  
For this investigation, C2C12 myotubes were differentiated on transparent graphene FET 
for 12 days following the method described in cell preparation section. After the differentiation, 
we carefully selected an array of the device with optimal myotube orientation that would provide 
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the most evidence regarding cellular activities under electrical stimulation and corresponding 
detection of signal propagation. Here, an array with multiple myotubes extending from channel 8 
(S8) to channel 3 (S3) was selected for the analysis. Orange ellipticals from the optical image of 
this array indicate the location and orientation of myotubes, which was simultaneously acquired 
during electrical sensing. Electrical sensing results indicated no biphasic peak detected from 
channel 1 and 2 as shown in Fig. 2.8 (b-c), while the rest of channel 3-7 detected biphasic current 
peaks that corresponded to 1 Hz stimulation frequency of electrical stimulation input. This result 
was consistent with the myotubes location, where biphasic shape of current signals was attributed 
to the opening and closing of the myotube’s ion channels. Moreover, stimulation frequency 
modulation to 2 Hz doubled the response frequency as shown in Fig. 2.8 (i), indicating response 













Figure 2.9. (a) Simultaneous fluorescence imaging while electrically stimulating channel 8 (S8) 
from graphene FET, after 12 days of differentiation. Bright green indicates successfully dyed 
myotubes.  (b) Fluorescence intensity plot of C2C12 on graphene FET. both channel 5 (S5) and 
S8 are analyzed while electrically stimulating S8 with 1 Hz stimulation frequency.  
 
Finally, for simultaneous imaging capability, fluorescence imaging was implemented 
while acquiring electrical measurement data and locally applying 20 V voltage. In Fig. 2.9 (b), the 
fluorescence intensity plot indicates intensity peaks from channel 5 and 8 are coincident, as 
multiple myotubes are densely packed between channel 5 and 8. Even though 1Hz frequency of 
intensity peak was not accomplished, the electrical signal propagation has been confirmed with 
corresponding intensity peaks. Refined fluorescence imaging could be obtained with optimally 
stained myotubes, which was not yet achieved by the current set up.    
2.5 Conclusion 
 In this chapter, I have demonstrated rapid electrical sensing of non-spontaneous cells 
activity with multi-array graphene FET while non-invasive, label-free method was implemented 
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for actuation of myotubes. Here, clearly distinguishable current signals derived from the myotubes 
activity (opening and closing of ion channels) were confirmed, and we realized complementary 
sensing with well controlled cell response to stimulation frequency and pulse-width, where 
additional control experiments with and without non-optical C2C12 have confirmed all the current 
signals was caused from cellular activity.  
Compared to other conventional cell sensing method such as patch-clamp and biochemical 
dyes, our work provides a significant advancement in biochemical sensors, fostering a unique 
opportunity for various disease/drug diagnostics devices. For future works, optimization of 
calcium imaging will be carried out, as current images are not optimized for identifying contraction 
of myotubes on a two-dimensional surface. In addition, a multiplexed sensing interface will be 
introduced to achieve parallel sensing of all the channels to deliver high spatial resolution of cell 
activities under both optical and electrical stimulation. Our next challenge is to find an alternative 
material to replace the electrical stimulation channel, as current graphene design does not 





Chapter 3:  ADVANCED BIOSENSING PLATFORMS USING CORRUGATED- 
GRAPHENE FIELD-EFFECT TRANSISTOR FOR ULTRASENSITIVE 
BIOMOLECULES DETECTION 
3.1 Motivation: Ultrasensitive Sensing of Biomolecules using Modified Morphology of Two-
dimensional Material 
As new functionalities and potentials of 2D materials have been widely investigated, novel 
ways to further enhance the performance of devices using these materials have received immense 
interest of researchers. One notable approach that enabled further improvement of 2D materials-
based sensors is to introduce additional hybrid materials of low dimension (i.e., nanoparticles59,60, 
nanopillars61), that allows increase in surface to volume ratio, hence improving the sensitivity. 
Similar to this approach, introducing nanoscale out-of-plane architecturing of 2D materials has 
extensive advantage over conventional 2D material fabrication method as it gives rise to new 
functionalities despite the relatively simplistic fabrication procedure47. Usage of 3D architecturing 
technique in application such as stretchable/bendable electronics62,63 (strain, pressure sensor), 
optoelectronic60, and superhydrophobic surface64, have demonstrated its potential to provide new 
advances and innovation on a variety of technology.  
One major field benefitted from the advancement of 2D material-based sensor is biosensing. 
Owing to thinness of 2D materials, biomolecules such as proteins27,28, bacteria22, glucose10,16,18,35 
and nucleic acids20,23,31,34,36,53–55,65–67 can be detected with ultimate sensitivity. 2D materials such 
as vanadium sulfide32 (VS2), graphene with Au nanoparticles
68 (AuNPs) or acetylene black69, 
tungsten disulfide59 (WS2) hybrid with multi-walled carbon nanotubes
31 (MWCNTs), 
molybdenum disulfide23 (MoS2), and various carbon derivatives have been utilized to enable label 
free detection of nucleic acids, proteins, and glucose. In addition, a field effect transistor (FET) 
based detection of biomolecules has attracted significant interest as it enables label-free detection 
of biomolecules with high sensitivity and provide versatile biological sensing platform that can be 
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easily integrated with signal transducers and data analyzers. Among multiple 2D materials used 
for biosensing application, chemically grown monolayer graphene has especially benefitted the 
advancement of scalable electronic interfaces without sacrificing electrical properties of the 
device64.  
As detection of nucleic acids is essential in gene identification investigation, drug 
diagnostics, forensic investigation, pathogen detection and molecular analysis70–72, FET based 
nucleic acids technology is expected to develop further to accommodate its need. While 2D 
materials such as carbon nanotubes73 (CNT), and silicon nanowires74 (SiNWs) based devices have 
attributed their extraordinary electrical properties to nurture DNA sensing devices’ technology, 
monolayer graphene, specifically CVD grown graphene, have proven to have significant impact 
on improving DNA sensing owing to its versatility in fabrication processes and potential to 
overcome the obstacles encountered by other 2D based devices. While CNT or SiNWs based 
devices suffer from long responses and recovery time, poor stability, and reproducibility, 
monolayer graphene-based devices provide great stability that could be reproduced with 
accessibility75.  
Due to the ease specific surface modification, ambipolar field effect, high carrier mobility, 
biocompatibility and large contact area, large area graphene FETs have certainly drawn attention 
of researchers compared to other graphene derivatives. Since then, graphene FETs have excelled 
in field of biological monitoring of biomolecules including proteins, glucose, bacteria, and DNA 
by measuring current changes induced by a charge given off from the biomolecules. From the first 
significant study of DNA sensing using graphene FET in 200876, researchers have carried out 
multiple investigations on developing a biosensor with superior limit of detection. In most of these 
studies, DNA sensing via anchoring probe DNA on graphene surfaces and detection of current 
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change during hybridization is studied to measure the amount of DNA in the system23,31,53,55,69–
72,77. Undoubtedly, a better understanding of the molecular interactions between the graphene and 
the DNA will accelerate its use in biological application. Therefore, study on interaction between 
DNA and graphene morphology can contribute on enhancing the sensor performance, which is 
established in this thesis.  
Previous studies have demonstrated detection of proteins at 10 fM13,78, and sensing of DNA, 
RNA at 10 pM ~ 100 fM77,79 range using graphene FET biosensors. However, even lower level of 
detection is desirable to achieve detection of micro RNA (miRNA), as it plays significant role in 
proliferation, developmental regulation, differentiation, and cardiogenesis processes80,81. One of 
the major issues that prohibits biomolecules sensing FETs to realize lower detection limit, 
including DNA sensing, is that target molecules are often shielded by counter ions in the 
physiological solution, phosphate-buffered saline (PBS). This condition is called Debye 
screening20,82, and increased in Debye length allows less shielding, resulting in more sensitive 
detection of biomolecules that falls under the Debye length region. In typical 1x PBS solution, 
Debye length is around 1 nm83, and increasing this length can effectively enhance the sensitivity 
of the FET based sensors. Diluting the concentration of PBS can only be done up to some extent, 
as low concentration of PBS fails to sustain a constant level of pH. In addition, studies have shown 
that FET measurement using low ionic concentration can result in decreased charge mobility of 
the sensor, due to increased charge impurity scattering over reduced screening effect84,85. Mobility 
of charges affect transconductance of the device, which is ultimately the sensitivity of the sensor54. 
Other studies have investigated several other methods to reduce the Debye shielding, such as using 
a porous permeable polymer on the surface of the FET sensor through which biomolecules could 
diffuse20. This layer increases Debye length, allowing detection of biomolecules in relatively high 
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physiological-ionic solution. Nevertheless, the limit of detection can be reduced as accessibility of 
biomolecules is low when there is polymer layer in between. Therefore, in this research, we attempt 
to modulate Debye screening length by using crumpled graphene as a sensing channel, to 
overcome the limit of detection faced by previous investigations. 
Undoubtedly, a better understanding of the molecular interactions between the graphene 
and biomolecules will accelerate its use in biological application. Studies on interaction between 
the DNA and a graphene morphology can contribute on improving the sensor performance, by 
alternating sensing environment. Therefore, in this investigation, we utilized crumpled graphene 
as FET sensing channel to electrically measure DNA concentration down to 20 aM of limit of 
detection (LOD) on a millimeter scale device.  
3.2 Preparation of Corrugated Graphene Field Effect Transistor 
A. Graphene Synthesis and Preparation for Transfer  
To create wrinkled graphene device, we first produced monolayer graphene via chemical vapor 
deposition (CVD) method. A copper foil was used as a substrate after thorough pre-cleaning using 
acetic acid, deionized water, acetone, and isopropanol. After the copper foil was placed inside of 
vacuumed furnace, hydrogen and methane were introduced at elevated temperature of 1050C. 
This way, large area graphene could be fabricated at a low cost with high mobility. The quality of 
the graphene was confirmed by Raman spectroscopy, and it is showed in Fig. 3.1. Plot indicates 
low D peak and 1:2 ratio of G and 2D peak, representing monolayer graphene grown on copper 
foil with few defects. To utilize this monolayer graphene, polymethyl 2-methylpropenoate 
(PMMA) was spin-coated on top of graphene/copper foil layer as a handle layer. This way, 
synthesized graphene can be transferred onto another substrate using conventional wet transfer 





Figure 3.1. Raman peak of monolayer graphene. First, second, third significant peak refers to 
D, G, 2D peak, respectively, and the ratio between G and 2D is 1:2 suggesting synthesized 
graphene is monolayer. 
 
B. Transfer of Graphene onto Polystyrene Substrate  
To transfer graphene, each graphene piece was cut in same size (1 x 15 mm) and copper foil was 
etched by placing copper foil/graphene/PMMA layer on top of 15 % sodium persulfate 
concentrated solution. Within few hours, copper foil was etched completely and only the 
graphene/PMMA layer was left, floating on top of the etching solution. After rinsing graphene 
pieces several times in deionized water, they were transferred on top of polystyrene (PS) substrates 
to enable morphology change. Before the transfer, PS was cleaned, and light oxygen plasma was 
applied to facilitate ease transfer of graphene on the hydrophobic PS surface.  
C. Fabrication of Corrugated Graphene FET 
After transferring graphene on PS, handle layer (PMMA) was removed using acetic acid. After 
immersing in acetic acid for 5 minutes, substrate was rinsed thoroughly using deionized water. 
Then to create a wrinkle pattern of graphene, 110 C heat was applied for about 2 hours to shrink 
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50% of the PS substrate (biaxial), which created conformal wrinkles on the graphene surface. On 
top of this wrinkled graphene, a source and drain were drawn using liquid silver paint, with 10 mm 
and 5 mm were set to be a length of graphene channel for the flat and crumpled graphene device, 
respectively. Then passivation layer was applied using silicon rubber, opening only 50% of the 
graphene channel area to contact with gate solution. As the name of the device suggest, top 
solution-gated FET would include PBS solution sitting on top of silicon rubber wall, without any 
back-gate oxide layer. Fabrication procedure for the flat and the crumpled graphene devices are 











Figure 3.2. Fabrication process flow for flat and crumpled graphene FETs. Dimension of flat device 
substrate is 2.5 mm x 2.5 mm which is not to scale with the graphene channel illustrated in the process 
flow. Silicon rubber passivation exposes only 50 % of graphene channel, which is 5 mm for flat 
graphene, and 2.5 mm for crumpled graphene in length.   
 
D. Immobilization of DNA Probe 
Using fabricated graphene FETs, probe DNA was anchored as linker molecule on both flat 
and crumpled graphene channel, and the target DNA was hybridized for the measurement. For 
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immobilization of the DNA probe, 20 mM of 1-pyrenebutanoic acid succinimidyl ester (PASE) in 
dimethyl sulfoxide (DMSO) was treated on the graphene overnight and rinsed with pure DMSO, 
ethanol, and DI water. 50 μM of probe DNA solution was added on PASE-modified graphene for 
3 hours. The graphene FET with probe DNA functionalization was rinsed with 1× PBS. The 
volume of all treated chemicals and samples was 50 μl. To check immobilization of DNA 
molecules on the graphene channel, we used AFM to monitor both flat and crumpled graphene 
surfaces after the immobilization, shown in Fig. 3.3. Increased roughness of graphene surfaces for 
both cases are observed, which indicate sufficiently attached DNA molecules to probe DNA.  
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Figure 3.3. SEM and AFM images of crumples, flat graphene, with and without the DNA 






3.3 Ultrasensitive Label Free Detection of DNA using Crumpled Graphene Field Effect 
Transistor Devices  
For the DNA sensing, we used solution-gated FET as thin electrical double layer 
effectively controls the conductance level of graphene channel16,60. In addition, solution gate 
approach is suitable for biosensing application, which requires target molecules to be introduced 
on top of graphene channel. For this experiment, 1x PBS solution was used. For DNA detection, 
charge transfer characteristics of both graphene FETs were investigated using source meter 
(Keithley 2614B). Here, drain current, Id was measured with respect to gate voltage, Vg. While 
constant source drain bias of 30 mV was applied, the gate voltage was swept between -0.2 V and 
0.8 V. Charge neutrality point, called Dirac point, was measured to be around 0.2V~0.4V, due to 
the work function differences between the Ag/AgCl gate electrode and the graphene. In addition, 
negatively-charged impurities trapped underneath the graphene sheet throughout the transfer 
process could also result this p-doped shift of Dirac point86. Nevertheless, since Dirac point did 
not exceed 0.4V, we concluded that our devices were stable enough to obtain electrical sensing 
results with minimal current leakage (low nA level) at both n and p type regions. We confirmed 
that the crumpled graphene did not get damaged from the crumpling process by comparing the 
resistance of the device. The result indicated that all the devices showed relatively consistent 
resistance, around 8~12 kΩ.  
The morphology of the flat and crumpled graphene was also investigated using scanning 
electron microscope (SEM) and atomic force microscope (AFM), which are shown in Fig 3.3. 
From the SEM images of the crumpled graphene, fine wrinkles as small as few hundred 
nanometers are visible when magnified. After the DNA functionalization, dense polygonal 
structures on both flat and crumpled graphene are shown from the SEM images, which is 
significantly different from the non-functionalized graphene surface. In addition, AFM image 
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shows increased roughness of the crumpled graphene, indicating nanoscale wrinkles produced on 
PS substrate. Hierarchical wrinkling is clearly evident from this image, even though the AFM 






























Figure 3.4 (cont.) (a) Schematic of solution gated graphene FET with solution reservoir using 
silicon rubber. Flat graphene channel with immobilized DNA strands, (b), and biaxially 
crumpled graphene with immobilized DNA strands, (c). (d-e) I-V relationship of the flat (top) 
and the crumpled (bottom) graphene FET sensors for the DNA hybridization. DNA 
hybridization shifts the I-V curve with respect to indicated DNA concentrations. Shifts from 
crumpled graphene device is significantly greater than flat graphene device. (f) Level of Dirac 
point shifts for both FET sensors while detecting DNA hybridization. The crumpled graphene 
FET shows lower LOD, as well as higher Dirac point shifts for overall DNA concentration.   
 
When we hybridized the DNA molecules on the probe DNA, I-V curve shifted to the left, 
indicating n-type doing of the graphene channel. This is due to the electron-rich nucleobases in 
DNA molecules54,87, and n-doping of graphene channels indicates detection of DNA in gating 




concentration of 1 M and few devices could detect as low as 2 aM of DNA as the Dirac point 
shifted up few mV at that concentration. LOD appears to be around 20 aM for crumpled devices, 
as average of 12 mV Dirac point shift was observed. In contrast, flat graphene FET device only 
shifted well at higher concentrations, as the transfer curve did not shift for DNA concentration 
lower than 2 pM. The overall Dirac point shift for flat device is around 80 mV, which is 
significantly lower than that of crumpled devices. From this investigation, we detect ultralow 
concentration of DNA with LOD at 20 aM. This is about 100,000 times enhancement of LOD 
compared to other previously reported conventional biosensors using graphene-based FETs. 
Illustration of our graphene FET devices are shown in Fig. 3.4, with sensing measurement results 
and a summary of Dirac point shifts for the corresponding DNA concentration.  
To support the mechanism of increased sensitivity of the crumpled device, capacitance of 
EDL was measured using Cyclic voltammetry (CV) program from CS 350 potentionstat (Corrtest, 
China) with three electrodes, including a reference, counter, and working electrode. Here, silver 
chloride, platinum, and the surface of the graphene channel on PS substrate were used for reference, 
counter, and working electrode, respectively. The measurement was performed while all three 
electrodes were immersed in 1x PBS solution, to replicate the DNA sensing environment. 
Normalized total capacitance of EDL with respect to its area of the graphene channel is shown in 
Fig. 3.5. The EDL capacitance of the flat graphene shows about 2.5 times greater value than the 
crumpled graphene, which is repeatedly confirmed from multiple scanning rate from 20 mV/s to 
500 mV/s. Capacitance of EDL contributes to the Debye screening length, thus controlling the 
capacitance of EDL can greatly affect the sensitivity of the FET device for detecting biomolecules. 
The relationship between the Dirac point shift and the total gate capacitance is ∆VD =
𝑒∆𝑛
𝐶𝑇
 , where 
∆VD is used for change in Dirac point shift, ∆𝑛 for change in charge carrier density of graphene, 
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and 𝐶𝑇 for total gate capacitance
53. This equation indicates that lower EDL capacitance results in 
greater Dirac point shifts under the equal number of biomolecules introduced to the system, which 




 In this investigation, we have modified graphene’s morphology using thermal treatment of 
underlying substrate, which creates conformal nanoscale crumples on graphene to be used as 
sensing channel of DNA detection. This approach of 3D architecturing graphene surfaces have 
demonstrated higher sensitivity detection of DNA, with unprecedented level of LOD (20 aM) and 
sensitivity compared to previously reported investigation. By lowering EDL capacitance of the 
crumpled graphene, the Debye length has been effectively controlled which reduced Debye 
screening and achieved ultrasensitive detection of DNA. This technology of 3D architecturing of 
2D materials has great potential for the development of variety of FET biosensors that require 
 
Figure 3.5. EDL capacitance of flat and crumpled graphene (a), (b), respectively. Capacitance 
othe flat graphene is about 2.5 times larger than that of crumpled graphene. 
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higher sensitivity and lower LOD, providing an opportunity to bring further advances in gene-
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